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ELF  PROPAGATION  AND  EMISSION  IN  THE  MAGNETOSPHERE 


by 

H .  B .  Llemohn 

ABSTPJ\.CT 


Considerable  research  progress  has  been  achieved  on  ELF  signals 
in  the  magnetosphere  as  a  consequence  of  satellite  and  ground-based  studies. 
Attention  will  be  focused  on  the  frequency  band  from  C.2  to  500  Hz,  which 
is  well  below  the  minimum  electron  plasma  and  cyclotron  frequencies,  so 
that  the  hydromagnetic  approximation  applies.  Although  the  magneto-ionic 
medium  is  anisotropic  and  inhomogeneous,  the  propagation  theory  for  the 
fast  and  Alfvdn  modes  in  homogeneous  media  is  adequate  at  these  frequencies. 
The  signal  velocity  of  the  fast  mode  is  essentially  isotropic  for  frequencies 
below  the  lower  hybrid  resonance.  The  Alfvdn  mode  is  restricted  to 
frequencies  below  the  proton  cyclotron  frequency  and  its  signal  velocity 
is  closely  guided  by  the  geomagnetic  field.  The  polarization  of  the 
modes  is  nominally  right  and  left  for  the  fast  and  Alfvfin,  respectively, 
and  circular  only  for  propagation  parallel  to  the  field. 

The  morphology  of  these  modes  in  remote  regions  of  the  magnetosphere 
is  being  developed  from  satellite  studies.  Statistics  are  available 
now  on  the  ELF  noise  distributions  with  latitude,  local  time,  and  geomagnetic 
activity.  Triaxial  search  coil  magnetometers  have  measured  wave  polarization 
and  found  it  to  be  predominantly  right  handed  above  the  local  proton 
cyclotron  frequency.  The  noise  power  spectrum  near  the  magnetosheath  is 
similar  to  that  observed  on  the  ground.  During  magnetospheric  substorms 
the  noise  level  increases  as  anticipated. 


Studies  based  on  ground  observations  have  concentrated  on  dispersion, 
polarization,  and  amplitude  analyses.  Due  to  ionospneric  attenuation, 
ground  observations  of  ELF  signals  from  the  magnetosphere  are  limited 
to  frequencies  b .low  about  10  Hz.  In  the  band  from  0.2  to  10  Hz, 
however,  many  types  of  geomagnetic  mlcropulsatlon  signals  are  observed. 

The  characteristic  dispersion  of  cne  class  of  signals  led  to  its  inter¬ 
pretation  as  Alfv^n-mode  waves  which  propagate  back  and  forth  along 
field-line  paths.  These  "OLF  whistlers"  are  sufficiently  well  documented 
to  permit  their  use  as  magnetospherlc  probes  of  the  thermal  plasma  distri¬ 
bution.  Polarization  studies  have  attempted  to  isolate  the  propagation 
modes,  but  coupling  in  the  ionosphere  has  hampered  progress.  Signal 
amplification  oy  the  cyclotron-resonance  interaction  with  energetic 
particles,  and  attenuation  In  the.  ionospheric  waveguide  have  been 
extensively  investigated  theoretically. 

Several  recommendations  concerning  future  research  may  be  offered. 
Foremost  among  them  is  the  necessity  for  more  cooperative  programs 
between  research  groups  due  to  the  global  nature  of  the  phenomena.  To 
this  end,  up-to-date  tabulations  of  ground  stations  and  satellites  have 
been  prepared,  and  more  emphasis  could  be  placed  on  "regular  geophysical 
days."  Calibrated  amplitude  spectra  are  needed  in  view  of  their 
potential  as  remote  sensing  parameters.  Similarly  polarization  properties 
are  vital  to  the  interpretation  of  signals.  Finally,  the  establishment 
of  remote  ground  stations  in  uninhabited  locations  should  be  considered. 
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INTRODL'CTTOK 


The  purpose  of  this  paper  is  to  succinctly  summarize  cuirent 
research  on  extremely  low  frequency  (ELF)  propagation  and  emission 
in  the  magnetosphere.  The  topic  is  restricted  to  satellite 
research  in  the  frequency  band  from  0.2  to  500  Hz  and  ground- 
based  research  in  the  band  from  0.2  to  10  Hz.  ELF  signals  are 
observed  primarily  as  rapid  variations  in  the  geomagnetic  field 
using  various  magnetometers.  A  vide  range  of  signal  character¬ 
istics  are  encountered  depending  on  the  modes  of  propagation, 
source  mechanisms,  and  locai  conditions  along  the  propagation 
path.  These  properties  permit  the  signals  to  be  used  as  remote 
sensors  of  sevoial  important  magnet ospheric  parameters  which  Is 
the  motivation  for  this  research. 

Several  comprehensive  reviews  of  ground-based  research  in 
tnis  Held  have  appeared  in  recent  years  (1-8).  The  reader  who 
wants  to  pursue  some  aspect  of  this  subject  in  depth  is  directed 
to  these  detailed  compendia  as  well  as  the  original  literature. 
Here  recent  satellite  results  at  these  frequencies  have  not  been 
formally  reviewed,  but  excellent  summaries  of  the  scientific 
results  from  magnetometer  experiments  in  trie  CXIO  series  are  now 
availab le  (9 , ] 0) . 


A  large  aiaount  oi  very  good  research  has  been  performed  in 
the  field  of  ELF  propagation,  as  evidenced  by  the  long  reference 
lists  in  review  papers.  In  an  effort  to  make  this  summary  more 
readable,  the  references  to  recent  original  literature  have 
been  collecteu  at  the  beginning  of  each  short  subsection.  No 
attempt  will  be  made  to  cite  individual  research  results  as 
is  customary  in  comprehensive  reviews.  The  subsections  of 
this  paper  are  collected  under  four  main  secti.ons:  propagation 
theory,  satellite  studies,  ground  studies,  and  future  research. 
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PROPAGATION  THEORY 

Hydvamagnetia  approximation.  The  propagation  of  ELF  signals 
in  the  magnetosphere  is  usually  described  by  the  hydromagnetic 
approximation  in  which  the  inertial  effects  of  the  electrons 
are  ignored,  since  the  frequencies  of  interest  are  well  below 
the  electron  plasma  and  cyclotron  frequencies  and 

In  general  there  are  three  modes  of  propagation  in  a  magneto¬ 
ionic  medium,  namely,  two  electromagnetic  waves  with  transverse 
fields  and  an  acoustic  wave.  In  this  approximation  the  mode 
that  is  polarized  in  the  left-hand  sense  is  called  the  "  Alfv^n" 
mode,  the  mode  with  right-hand  polarization  is  called  the  "fast" 
mode,  and  the  acoustic  mode  is  called  the  "slow"  mode.  The 
mathematical  description  of  these  modes  varies  considerably 
depending  on  the  assumptions  about  the  medium. 

The  simplest  description  is  obtained  for  propagation  in 
a  homogeneous  cold  plasma  when  the  frequencies  are  well  below 
the  ion  plasma  and  cyclotron  frequencies,  and  The 

modes  in  the  well-known  case  (11,  12),  in  which  the  medium 
is  treated  like  a  compressible,  conducting  fluid,  are  shown 
schematically  in  Figure  1.  The  phase  velocity  surfaces  depend 


Hydromagnehc  Propagation  Modes 


i’j^.  1.  SciK-iru’Lic  diagram  of  iiydromagnet ic  wave 
l>roj),i;'."  •_  i  f)n  inodes  at.  irequeiic  ics  well 
t)L']ow  the  ion- f'vc ] ot ron  frequency. 
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Chiefly  on  the  Alfv^n  speed  and  the 

sound  speed  =  (Yp./p_^)^  where  B.,  is  the  static  field, 

c,  is  the  ion-mass  density,  p^^  is  the  static  gas  pressure 

and  y  is  the  ratio  of  specific  heats.  For  quantities  appropriate 

to  the  magnetosphere,  V.  >>  V_  so  that  the  slow  mode  may  be 

A  b 

ignored  in  most  applications.  The  mode  characteristics  shown 
in  Figure  1  are  typical  of  ELF  propagation  in  the  lower  magneto¬ 
sphere  and  ionosphere.  Although  the  medium  is  anisotropic, 
the  signal  velocity  of  the  fast  mode  is  esse,\tially  isotropic 
whereas  the  signal  velocity  of  the  Alfv^n  mode  is  closely  guided 
by  the  magnetic  field. 

In  remote  regions  of  the  magnetosphere,  near  its  boundary 
and  in  the  tail,  the  frequencies  of  interest  are  close  to  both 

and  which  require  more  elaborate  formulation  (13-16) 

of  the  cold  plasma  approximation.  In  this  parameter  regime 
tlie  wave  normal  surfaces  and  group  velocity  surfaces  are 
distorted  considerably  from  the  simple  case.  The  Alfv4n 
mode  is  restricted  to  frequencies  below  where  it  has  a 

resonance,  and  its  group  velocity  remains  closely  guided  along 
the  field.  The  fast  mode  remains  unrestricted  up  fo  the  lower 
hybrid  resonance  frequency  where  a  cone  of  forbidden 

wave  normals  is  encountered  perpendicular  to  the 


0 


static  field.  However,  fast  mode  signals  continue  to  propagate 
at  large  angles  to  the  field  at  frequencies  up  to  , 

ApplisatioKB .  Certain  aspects  of  hydromagnetic  propagation 
in  Che  magnetosphere  and  ionosphere  have  received  special 
attention.  In  the  magnetosphere,  field-line  guidance  of 
Alfvdn  waves  has  been  investigated  (17-19)  to  ascertain  the 
effects  of  Inhomogeneity.  Ray  path  calculations  in  a  realistic 
geomagnetic  field  have  shown  that  the  field  curvature  does  not 
appreciably  diverge  the  signal  away  from  the  field.  Guidance 
by  field-aligned  ducts  of  enhanced  or  depressed  ionization  is 
also  feasible  but  app.'tre.nt  ly  not  essential. 

Propagation  in  and  through  the  ionosphere  has  been  a 
particularly  vexing  problem  due  to  the  complications  of  mode 
coupling  and  guiding  as  well  as  the  usual  transmission,  reflec¬ 
tion,  and  absorption  processes.  Absorption  of  hydromagnetic 
energy  is  kno'.-m.  to  increase  rapidly  frequency  producing 

an  upper  limit  near  10  Hz  in  ground  ob.iervatlons .  Just  below 
this  cutoff,  the  ionosphere  remains  ’^elatlvely  opaque  to  direct 
wave  penetration,  and  instead  the  hydromagnetic  energy  is 
confined  to  a  waveguide  shell  between  100  and  1000  km  from 
which  It  leaks  to  the  ground.  Since  ionospheric  quantities 


7 


have  steep  gradients,  a  full-wave  treatment  with  its  attendant 
numerical  methods  is  mandatory. 

Refinements  in  the  attenuation  theory  have  produced  more 
realistic  estimates  (20-23)  of  direct  transmission  properties. 
There  is  a  large  diurnal  varlatioii  with  maximum  absorption 
during  the  daytime.  However,  ionospheric  heating  by  ELF  waves 
is  negiiglble  compared  to  other  sources  except  possibly  during 
geomagnetic  storms.  The  physics  of  the  ionospheric  waveguide 
has  been  developed  extensively  as  well  (24-28),  in  the  wave¬ 
guide  the  fast  mode  has  a  group  velocity  of  around  800  xm/s 
and  is  strongly  attenuated  during  the  day.  Enhanced  attenuation 
below  0.5  Hz  effectively  band  limits  the  mode  for  long  distance 
transmission.  Coupling  between  the  Alfvdn  and  fast  modes  is 
sharply  peaked  in  the  lower  F-reglon  permitting  large  amounts 
of  Alfven  wave  energy  from  the  magnetosphere  to  enter  the 
waveguide.  However,  realistic  estimates  of  the  net  reflection 
and  transmission  of  energy  by  the  ionosphere  remain  uncertain 
due  to  the  large  number  of  independent  parameters. 

Wavr;-Partiale  Intcracti  ano ,  Research  on  hot  plasma  effects 
at  these  frequencies  has  centered  on  the  cyclotron- resonance 
Interaction.  Hue  to  motion  parallel  to  tlie  static  field, 
particles  encounter  a  Doppler  shifted  wave  frequency.  When 
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this  frequency  equals  the  cyclotron  frequency  of  the  particle 
and  the  wave  polarization  as  seen  by  the  particle  has  the  same 
sense  as  the  particle  gyration,  the  resonance  takes  place. 
Evidently  both  Alfvfin  and  fast  mode  waves  may  interact  with 
either  protons  or  electrons.  In  practice  the  dominant  inter¬ 
action  1«  between  Aifvdn  »avea  ..no  uonthermal  protons  (above 
100  eV)  .  The  net  amip lif icatlon  or  attenuation  of  the  waves 
depends  critically  on  the  shape  of  the  particle  distribution 
as  well  as  the  frequencies. 

The  cyclotron  instability  of  particle  streams  in  thermal 
background  plasma  has  been  suggested  (29-31)  as  a  s  mree  of 
hydromagnetlc  energy,  but  their  generation  and  maintenance 
is  unlikely.  When  the  noiitherraal  proton  distribution  in  the 
steady-state  quiescent  magnetosphere  is  sufficiently  anisotropic, 
however,  Alfvdn  mode  waves  may  be  strongly  amplified  132-41) . 
Examples  of  the  power  transfer  for  Interhemlsphere  field-line 
paths  are  shown  in  Klgure  2  for  energy  and  pitch  angle  distri- 

vt  *  n  .  TTi 

butions  of  the  form  t  a.  The  waves  are  subject  to 

Landau  damping  when  their  propagation  vector  is  noi  parallel 
to  the  static  field,  but  cyclotron  resonance  cmplif icatlon 
still  dominates  if  the  energy  o,.  rfbutlon  is  sufficiently  hard. 
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_ Propagation  Frequency 

Equatorial  Ion  Cyclotron  Frequency 


2.  CycloLroii-ri.'.sunaiico  ami)lil'ication  ol  hydro- 

n.cU'.ou  t.  i  o  wav.  I'.ickcls  I'ropaRaL  in;-  aloiii;  flu]d- 
llno  pjLii.s  for  siiccillo  I'lurpy  (K)  and 
aiii;li.‘  (a)  d  i  s  t.  r  i  b\iL  i  ons  Ions  (34). 
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Since  the  cyclotron  resonance  occurs  over  a  broad  range 
of  particle  energies,  the  interaction  Is  capable  of  redistri¬ 
buting  energy  and  modifying  pitch  angles  (A2-47).  Using 
quasi-llnear  theory,  the  equilibrium  configuration  of  waves 
and  particles  in  the  magnetosphere  has  been  realistically 
estioattd,  but  the  complete  non^^^.c.^r  theory  remains  to  be 
developed.  The  effects  of  the  interaction  have  been  evaluated 
statistically  as  well  to  ascertain  diffusion  rates  parallel 
and  orthogonal  to  the  field.  Cyclotron  damping  of  magneto- 
sonic  waves  may  also  heat  the  magnecospherlc  plasma  dlf ierentially , 
accounting  for  the  excess  energy  in  the  proton  distribution  in 
the  neutral  sheet  of  the  tall. 

Ocher  mechanisms  involving  ELF  waves  also  affect  the  wave- 
particle  equilibrium  in  the  magnetosphere  (^8-50).  Random 
scattering  by  hydromagnetic  wave  fields  may  be  characterized 
by  a  net  diffusion  coefficient  in  pitch  angle.  In  addition 
Che  mirror  geometry  of  the  geomagnetic  field  .illows  resonant 
pitch-angle  scattering  at  the  bounce  frequency  of  the  particles. 
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SATELLITE  STUDIES 

Magnetosphere  boundary ,  Several  spacecraft  carrying  magnet¬ 
ometers  with  ELF  sensitivity  have  traversed  the  boundary  region  of 
the  magnet ospheric  cavity  (51-57)  •  The  location  of  the  magnetopause 
and  shock  surfaces  which  bound  the  magnetosheath  are  easily 
identified  in  satellite  data  so  that  the  morphology  of  the 
accompanying  wave  structure  can  be  isolated.  In  the  shock 
transition  region  both  random  incoherent  noise  and  discrete 
coherent  signals  are  found  over  the  band  from  0,1  to  500  Hz, 

Above  10  Hz  the  power  spectral  density  falls  approximately 

_3 

as  (frequency)  and  tends  to  flatten  off  below.  The  signals 
are  detected  both  upstream  on  the  solar  wind  side  and  downstream 
in  the  magnetos’-'eath ,  The  total  energy  density  of  these  wave 
fields  is  less  than  1%  of  the  average  solar  wind  kinetic  energy 
density. 

Since  the  amplitude  of  the  signals  decreases  by  one  to  two 
orders  of  magnitude  away  from  the  shock  front,  it  is  fair  to 
assume  that  their  source  is  in  the  shock  mechanism.  Below  10  Hz 
the  discrete  signals  are  contained  in  wave  packets  of  only  a 
few  cycles  with  amplitudes  as  high  as  a  gamma.  Above  10  Hz 
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nearly  monochromatic  wave  packets  occur  at  random  frequencies 
with  amplitudes  from  10  to  100  milligamma.  Since  these  high 
frequency  signals  last  several  seconds  in  the  magnetosheath,  some 
amplification  mechanism  is  suggested.  The  transverse  polarization 

of  these  signals  is  approximately  circular  which  suggests 
propagation  In  the  fast  and  Alfvdn  modes. 

Although  insufficient  parameters  are  available  at  this 
time  to  identify  the  modes,  some  speculation  is  feasible  on  the 
basis  of  what  is  known.  The  ambient  magnetic  field  is  about 
30  gamma  which  gives  .Q^"»0,5  Hz,  Hz  and  900  Hz. 

There  is  evidence  In  the  power  spzctra  of  the  waves  for  changes 
of  slope  near  1  Hz  and  30-100  Hz  which  may  be  attributed  to  the 
disappearance  of  the  Alfv^n  mode  above  and  reduced  fast 

mode  propagation  above  addition  the  relatively  large 

amplitude  of  some  signals  near  ."1^  is  suggestive  of  wave- 
particle  Interactions  which  could  amplify  the  signals. 

!'lagnet03phere .  Heasurements  of  ELF  (below  500  Hz)  within 
the  magnetosphere  have  not  been  analyzed  extensively  until 
quite  recently  (58,59).  Inside  the  magnetopause  there  Is  a 
sharp  decrease  in  wave  energy  density  throughout  the  EI.F  band. 
Evidently  very  little  shock  wave  energy  penetrates  this  bound. iry 
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directly,  and  consequently  a  different  source  mechanism  must 
account  for  the  hydromagnetic  energy  inside  the  magnetosphere. 

Again  the  signals  consist  of  both  bursts  and  steady  noise, 
but  the  predominant  frequency  regime  is  somewhat  higher  and 
Che  amplitude  is  lower  than  that  in  the  boundary  region. 

The  steady  ELF  noise  about  10  Hz  is  generated  principally 
on  the  dayslde  of  the  magnetosphere  over  the  latitude  region 
10°  to  50°  on  L-shells  from  6  to  10  although  strong  signals  are 
detected  as  low  as  L  =  2.  The  source  of  this  energy  is  probably 
a  plasma  instability  at  £1^  caused  by  a  pitch  angle  anisotropy 
of  the  trapped  particiis.  The  frequency  range  and  power  of  these 
waves  seems  to  be  sufficient  to  account  for  the  steady  electron 
precipitation  in  the  energy  range  from  20  to  200  keV,  Observations 
of  ELF  noise  at  the  base  of  the  magnetosphere  are  consistent  with 
observations  in  the  source  region,  but  lov;  altitude  data  alone 
provides  an  incomplete  picture  of  ELF  throughout  the  magnetosphere. 

Bursts  of  ELF  noise  are  found  principally  within  20°  of 
the  equator  at  L-shells  beyond  5.  There  is  a  strong  day- 
night  asymmetry  with  most  probably  occurrence  between  0400  and 
1800  local  time.  This  source  region  is  consistent  with  the 
region  where  auroral  microbursts  of  electrons  and  VLF  chorus 
are  found.  Tills  close  association  with  related  geomagnetic  activity 
is  evidently  another  manifestation  of  wave-particle  interactions. 
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A  different  group  of  ELF  signals  has  been  discovered  in 

the  immediate  vicinity  of  the  equator  just  inside  the  plasmapause. 

The  noise  consists  of  a  broad  enhancement  between  2n.  and 

1 

uj  .  with  numerous  discrete  peaks.  Incredible  though  it  may 
seem  these  signals  are  only  detected  within  2°  of  the  equator 
and  propagate  nearly  perpendicular  to  the  static  field.  Only 
the  fast  mode  can  satisfy  these  criteria.  The  amplitude  of 
this  noise  is  about  10  mllligamma  which  is  sufficient  to  produce 
the  observed  pitch  angle  diffusion  of  electrons  mirroring 
near  the  equator. 

GROUND  STUDIES 

]  '.ucrphology  ■  Our  knowledge  about  the  properties  of  continuous 
geomagnetic-pulsation  trains  in  the  ELF  frequency  band  from  0.2  to 
10  Hz  (Fc  1  class)  has  continued  to  grow  from  ground  station  obser¬ 
vations.  Many  types  of  signal  noise  are  observed  in  the  Pt  1 
category,  but  one  unusual  type  has  been  singled  out  for  extensive 
study  due  to  its  measurable  structure.  This  section  is  concerned  only 
with  the  m.orphology  of  these  signals  leaving  discus.sions  of  dispersion, 
polarization,  and  amplification  to  later  subsections. 
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The  type  of  Pc  1  events  under  study  consist  of  a  series  of 
rising  tones  over  a  narrow  bandwidth  t'  at  repeat  at  regular  intervals 
which  js  Illustrated  in  Fig.  3.  The  event  is  interpreted 
(60,  61)  as  an  Alfven  mode  wave  packet  that  propagates  back  and 
forth  along  a  field-line  path  producing  multihop  echoes  at  the 
ground  station  The  spacing  of  2  to  4  minutes  between  elements  is 
indicative  of  a  group  velocity  around  300  km/s  along  the  path. 
Frequently  the  events  occur  in  complicated  overlapping  cxusters  of 
events  which  may  last  for  several  hours.  The  characteristic 
ascending  tone  is  attributed  to  the  frequency-time  dispersion 
inherent  in  the  mode.  At  the  base  of  the  path,  the  energy  scatters 
into  the  ionosphere  waveguide  and  subsequently  leaks  to  the  ground 
over  a  broad  area.  On  the  ground  the  signal  amplitudes  ar  normally 
a  few  tens  of  milligammas  sc  that  their  amplitude  in  the  magnetosphere 
must  be  close  to  a  gamma.  Although  the  explanation  for  these  events 
seems  well  established,  their  Impulsive  source  has  not  been  determined. 
In  the  course  of  research  these  events  have  been  called  pearls, 
hydromagnetic  emissions,  screamers,  micropulsation  whistlers,  hydro- 
magnetic  whistlers,  and  ULF  whistlers,  and  their  nomenclature  remains 
unsettled  at  this  time.  For  purposes  of  Identification  the  name 
ULF  whistlers  will  be  used  here. 
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One  phase  of  research  on  these  signals  has  concentrated  on 
general  patterns  of  frequency,  occurrence,  and  conjugacy  (62-71). 

On  the  basis  of  ground  observations  at  several  locations,  the 
propagation  frequency  was  recognized  as  a  significant  measure  of  the 
path  location.  Empirically  it  was  found  that  frequencies  from 
0.3  to  3  Hz  corresponded  to  L-sheil  paths  from  10  to  4  respectively. 
The  occurrence  of  ULF  whistlers  varies  with  latitude,  and  a  diurnal 
pattern  has  been  established  that  is  similar  to  the  auroral  oval, 
that  is,  lower  invariant  latitude  at  night  than  day.  The  appearance 
of  the  wave  packet  in  alternate  hemispheres  is  not  exactly  180° 
out  of  phase,  but  discrepancies  are  attributed  to  differences  of 
travel  time  in  the  ionospheric  waveguide.  Ionospheric  attenuation 
has  been  estimated  experimentally  by  comparing  simultaneous 
events  at  conjugate  stations  where  the  ionosphere  above  one  was 
never  sunlit;  the  amplitude  ratios  decreased  during  the  daytime 
and  also  with  increasing  frequency  in  agreement  with  theoretical 
predictions . 

Correlations  between  ULF  whistlers  and  other  types  of  geophysical 
pnenomena  have  also  received  considerable  attention  (72-/6).  Special 
significance  must  be  accorded  the  fact  that  these  events  occur 
principally  during  the  calm  period  3  to  7  days  after  a  geomagnetic 
It  is  not  clear  wlieclicr  source,  propagation,  or 


storm. 


amplification  conditions  are  responsible  for  this  circumstance, 
but  evidently  the  temporary  state  of  magnetospheric  relaxation  is 
vital.  A  positive  correlation  with  magnetospheric  substorms  is  in 
doubt,  although  some  ULF  whistlers  have  been  observed  during  these 
periods  of  activity.  Other  types  of  geomagnetic  micropulsations 
do  appear  to  be  well  correlated  with  substorms.  Over  the  eleven- 
year  solar  cycle,  the  occurrence  of  these  signals  peaks  sharply 
around  the  inflection  points  intermediate  between  solar-cycle 
extrema,  which  indicates  a  complicated  secondary  dependence  on 
geomagnetic  storm  physics. 

ULF  Whistler  Dispersion.  Nearly  all  measurable  events 
exhibit  a  small  dispersion  between  successive  elements  which  is 
attributed  to  the  frequency  dependence  of  the  Alfv€n  group 
velocity.  Since  the  group  velocity  depends  on  the  geomagnetic 
field  and  the  thermal  plasma  density  along  the  propagation  path, 
the  dispersion  measurements  have  provided  a  means  for  remotely 
probing  the  magnetosphere.  Large  collections  of  data  have  been 
analyzed  (77-86)  to  estimate  the  density  distribution. 

The  propagation  paths  are  confined  to  L-shells  between  4  and 
10  and  their  diurnal  distribution  confirmed  the  previous  empirical 
estimate.  The  frequencies  of  the  ULF  whistlers  are  limited 
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between  0.2  and  0.7  (equatorial)  and  their  bandwidthe  vary 
from  0,1  to  0.3  (equatorial).  The  "best  fit"  density  distri¬ 
bution  obtained  from  the  data  falls  off  more  rapidly  than  the  well- 
known  hydrostatic  equilibrium  but  less  rapidly  than  the  plastnapause . 
This  apparent  disagreement  with  the  results  from  VLF  whistler 
analysis  may  be  resolved  by  recalling  chat  most  ULF  whistlers  are 
detected  only  during  the  recovery  phase  of  geomagnetic  storms. 

At  this  time  the  plasmapause  is  not  so  sharply  defined  and  is  moving 
outward  as  shown  in  Fig.  4,  so  that  ULF  whistlers  are  probably  a 
measure  of  this  dynamic  process.  The  presence  of  helium  ions 
along  the  path  would  distort  the  dispersion  pattern  into  a  nose, 
but  this  type  of  event  is  rarely  detected. 

ULF  W'nietler  Folax'ization.  Studies  of  the  signal  polarization 
(26,  87-90)  have  revealed  some  unusual  and  puzzling  results. 
According  to  the  hydromagnetic  wave  theory,  the  polarization  of 
Alfv^n  mode  signals  is  left-handed  with  respect  to  the  magnetic 
field  direction.  However  ground  observations  have  found  it  consists 
of  a  mixture  of  random,  linear,  right,  and  left-hand  polarizations. 
This  might  have  been  anticipated  from  the  complicated  transmission 
in  and  through  the  ionosphere.  Indeed,  recent  theoretical  analysis 
has  shown  that  ionospheric  mode  coupling  is  subject  to  several 
conditions  which  scramble  the  wave  sense.  The  left-hand  sense  is 


expected  to  dominate  at  .light,  at  higher  frequencies,  and  at  polar  latitudes. 
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P la.sniapause  dynamics  observed  by  0(U)-3  and 
ULF  whistler  dispersion  analysis  (85,  8b). 
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which  seems  to  fit  some  experimental  findings.  However,  observations 
at  conjugate  stations  have  revealed  that  occasionally  the  polari¬ 
zation  is  identical  and  changes  rapidly  at  both  locations  suggesting 
a  magnetospherlc  property. 

One  aspect  of  the  experimental  technique  deserves  special 
comment  since  natural  signals  are  not  always  Ideally  suited  for 
polarization  measurements.  It  is  important  to  use  only  Isolated 
events  and  narrow  band  filters  to  avoid  contamination  by  over¬ 
lapping  signals.  Due  to  phasing  of  overlapping  Fourier  components 
it  is  quite  possible  to  obtain  spurious  results  if  each  wave 
packet  element  is  not  well  Isolated  from  its  neighbors.  Narrow 
band  filters  also  introduce  spurious  phasing  effects  which  must  be 
accounted  for. 

Ojaloiron-resonanoe  amplifiaation.  The  long  lifetime  of  wave 
packets  which  produce  ULF  whistlers  requires  amplification  of  the 
signals.  The  amplitude  of  successive  elements  frequently  grows 
for  several  echoes  before  decaying  slowly  away.  Furthermore,  the 
complex  mode  coupling  and  attenuation  in  the  ionospheric  waveguide 
imposes  severe  losses  at  the  ends  of  the  path  which  must  be  over¬ 
come  for  repetition  of  the  signal.  A  strong  candidate  for  the 
source  of  the  signal  energy  is  the  cyclotron 


22 


resonance  Interaction  with  energetic  particles  along  the 
magnetospheric  path.  Details  of  the  mechanism  are  given  in  the 
section  on  propagation  theory;  only  its  application  to 
individual  L'LF  whistlers  is  described  here  (3A,  37,  39  ,  91,  92). 

An  example  of  typical  magnetospheric  amplification  which  might 
be  encountered  during  quiescent  times  is  shown  in  Fig.  2,  Evidently 
potential  hands  of  amplification  are  Ir.  reasonable  agreement  with 
observed  propagation  bands.  The  shape  and  band  limits  of  the 
theoretical  curves  depend  on  the  shape  of  the  phase  space  distri¬ 
bution  of  energetic  particles,  and  the  magnitude  depends  on  the 
number  of  particles.  If  the  mechanism  is  verified,  measurements  of 
amplification  between  successive  echoes  may  become  a  vital  ground- 
based  probe  of  energetic  particle  distributions.  The  fact  Chat 
ULF  whistlers  are  usually  detected  only  after  geomag.netic  storms 
may  be  attributed  to  lack  of  appreciable  amplification  except  during 
this  period. 

Both  digital  and  analog  methods  are  currently  available  for  the 
measurement  of  successive  amplitudes  of  FLF  whistler  echoes. 

Fig.  5  Illustrates  Che  detailed  growth  and  decay  of  the  event  shown 
in  Fig.  3.  When  successive  echoes  are  compared,  the  effects  of 
ionospheric  transmission  cancel  out  and  only  the  ionospheric 
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amplitude  measurements  of  the  eight  elements 
•F  whistler  event  shown  in  Fig.  3  (91) . 
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planning  of  joint  ground-satellite  tjbservations,  programs 
are  underway  to  predict  the  geomagnetic  field-line  projection  of 
satellite  orbits.  Advance  notice  of  opportunities  is  essential 
for  good  coverage  of  field-aligned  phenomena. 

The  existing  permanent  network  of  stations  should  be  supplemented 
by  several  portable  units  that  could  extend  local  latitude  and 
longitude  chains  as  well  as  Improve  global  coverage.  The  rate  at 
which  analog  data  is  reduced  to  a  usable  form  would  be  improved 
substantially  by  time  sharing  of  new  multichannel,  ultrafast,  frequency- 
amplitude  analyzers.  Remote  ground  stations  which  record  digitally 
might  be  interrogated  continuously  in  real  time  using  satellite 
transponders . 

The  analysis  of  ELF  signal  data  on  the  basis  of  frequency-time 
dispersion  is  well  established  as  a  tool  of  the  trade.  However, 
signal  amplitude  and  polarization  are  also  key  parameters  for  under¬ 
standing  the  physical  processes  of  the  magnetosphere.  Amplitude 
relates  directly  to  wave-particle  interactions  and  polarization  is 
vital  for  proper  mode  identification.  Physical  parameters  and 
indices  which  characterize  known  ELF  signals  should  be  developed 
in  order  to  provide  a  means  for  routine  analysis.  Such  digested 

form  a  useful  basis  for  the  evaluation  of  new  theoretical 
«id  experimental  research  and  should  be  collected  by  the  world  data 


center  on  a  variety  of  geophysical  phenomena. 
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APPENDIX 

In  order  to  facilitate  joint  cooperative  research  programs 
between  groups  of  ground  observers  and  ground-satellite  observers, 
lists  of  rapid-run  magnetometer  experiments  at  ground  stations  and 
In  spacecraft  have  been  prepared.  Table  1  contains  ground  stations, 
their  coordinates,  their  frequency  range  according  to  the  Pc  classi¬ 
fication  (1,  0.2-5s;  2,  5-lOs;  3,  10-45s,  4,  45-150s;  5,  150-600s), 
and  data  analysts.  The  geomagnetic  coordinates  in  this  table  are 
based  (106a)  on  a  north  geomagnetic  pole  at  78.5  N  and  291.0  E  geo¬ 
graphic  (longitude  Is  measured  eastward  from  the  291.0  E  geographic 
meridian).  Nan.es  listed  as  analysts  have  published  results  based  on 
the  data  recorded  at  that  station  and  are  not  necessarily  the  per¬ 
sonnel  responsible  for  Its  operation.  The  global  distribution  of 
ground  stations  Is  shown  In  Fig.  6.  Table  2  contains  spacecraft 
experiments,  their  orbits,  types  of  instruments,  and  experimenters. 

Preparation  of  these  tables  required  the  assistance  of  many 
Individuals  which  the  author  gratefully  acknowledges.  Previously 
published  tabulations  (102,  106)  provided  an  Initial  basis  on 
which  to  build.  These  were  updated  by  Mrs.  H.  B.  Knafllch  of  BSRL 
who  made  an  extensive  search  of  the  open  literature.  Many  researchers 
have  contributed  revisions  and  corrections  to  an  early  draft  that  was 
distributed.  Undoubtedly  errors  and  omissions  are  still  present  and 
the  author  invites  interested  persons  to  offer  improvements. 
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